In the present work single and multiple layer NiCrAlY coatings were produced by laser cladding on (100) single-crystalline substrates of SRR99 Ni-based superalloy. Detailed structural characterisation and texture analysis by optical microscopy, scanning electron microscopy, X-ray diffraction and Rutherford backscattering showed that the NiCrAlY coatings consisted essentially of gamma phase with yttrium oxide (Y2O3) and a small proportion of yttrium-aluminium garnet (Al5Y3O12) precipitated in the interdendritic regions. The coatings presented a columnar dendritic structure grown by epitaxial solidification on the substrate and inherited the single-crystalline nature and the orientation of the substrate. The coating material also showed a mosaicity and a defect density similar to those of the substrate. It can be expected that the protective effect of these coatings against oxidation is greatly enhanced compared with polycrystalline coatings because high diffusivity paths, such as grain boundaries, are eliminated in single-crystalline coatings, thus reducing mass transport through the coating.
Introduction
The use of single-crystalline Ni-based superalloys represented a major advance in improving the high-temperature mechanical behaviour and increasing the service life of blades and other components in the hot section of gas turbine engines [1] . This improvement is mainly due to the elimination of grain boundaries [2] and to the alignment of the minimum-Young's-modulus direction (the <001> direction) along the turbine blade axis [3] , which leads to higher creep resistance and thermal fatigue respectively. However, despite the outstanding high temperature mechanical properties of these alloys, their resistance to oxidation is insufficient for many applications and they are usually coated with MCrAlX-type alloys (M=Fe, Co, Ni, X=Y, Hf, Ce, Zr) [4, 5] , which form an adherent and spalling-resistant surface Al 2 O 3 layer that isolates the material from the aggressive action of the environment [6] . These coatings can be applied by a wide range of techniques, such as vacuum plasma spraying [7] , high-velocity oxygen-fuel (HVOF), thermal spraying [8] , and laser cladding [9] . The coatings produced by laser cladding are typically free of pores and cracks [10] and their oxidation resistance is usually better than the oxidation resistance of similar coatings produced by alternative methods, due to the finer dispersion of the rare-earth-rich phases [11] . Single crystalline coatings should further improve oxidation resistance because high diffusivity paths along grain boundaries would be eliminated. The possibility of producing single crystalline NiCrAlY coatings using a laser cladding technique is investigated in the present paper. Gaümann et al. [12, 13] showed that clad layers of CMSX-4 Ni-based superalloy deposited by laser cladding on a (100) single crystalline substrate of the same material are single crystalline , with a crystallographic orientation similar to that of the substrate. This is because in laser cladding solidification starts by epitaxial growth on the substrate and the solidification structure is dendritic [12, 13] . In cubic metals, dendrites grow preferentially along <100> directions in order to minimise their surface [14] and strain energy [3, 15] . Since a (100) substrate was used, the microstructure of the material consists of parallel dendrites with the same crystallographic orientation as the substrate, forming an imperfect single crystal. According to Gaümann et al. [16] , the main limit to achieving a single crystalline structure in the deposited material is the possibility of a columnar to equiaxed solidification transition occurring when the solidification front approaches the surface, due to the progressive decrease in the temperature gradient in the liquid in front of the interfaces leading to the formation of a large constitutionally undercooled liquid layer ahead of the S/L interfaces which favours equiaxed solidification. As a result of this transition, randomly-oriented equiaxed crystals appear at the top of the deposited tracks. According to Gaümann et al. [16] and Mokadem et al. [17] , epitaxy loss tends to occur close to growth direction transition zones, where a new <100> dendrite growth direction is selected. The greater the angle between the temperature gradient and the dendrite growth direction, the higher the risk of equiaxed solidification. The present paper focuses on the microstructure and crystalline structure of single and multiple layers NiCrAlY coatings deposited by laser cladding on single crystalline turbine blades. The experimental conditions to produce epitaxial NiCrAlY coatings with a single crystalline structure were investigated.
Experimental procedures
Laser cladding was performed on substrates cut from a single crystalline turbine blade of SRR99 Ni-based superalloy with chemical composition Ni-4.8Co-8.5Cr-5.3Al-2.65Ta-2.05Ti-9.25W-0.5Mo (wt.%). The blade, which had its longitudinal direction approximately parallel to the [001] crystallographic direction, was cross-sectioned perpendicularly to its axis in order to obtain substrates with surfaces nominally parallel to the (001) plane. Prior to the cladding experiments the substrates were blasted with glass microspheres to enhance absorption of laser radiation. Laser cladding was performed by the blown powder technique using a NiCrAlY-type alloy with chemical composition Ni-24.6Cr-5.72Al-0.84Y (wt.%) as the coating material. The powder, transported by an argon jet, was delivered to the laser generated melt pool by a 3 kW CO 2 laser through a 2 mm diameter nozzle, at an angle of 45º to the horizontal. The samples were moved under the stationary laser beam at constant speed, using a numerically controlled X-Y table. The laser processing parameters used were: laser beam power=1.8 kW, laser spot size at the surface=2 mm, powder feed rate=2.4x10 -4 kg/s and scanning velocity=0.01 m/s. The cladding tracks were deposited in random directions. In order to achieve different coating thicknesses and to study the influence of multiple layer overlapping on dendrite orientation, samples with 1, 2 and 6 deposited layers were produced. Transverse and longitudinal cross-sections of the coatings were prepared for structural characterization. The microstructure was studied by optical and scanning electron microscopy after electrochemical etching using a solution of 10 mg CrO 3 in 100 ml water and 1.5 V. The crystallographic structure of the substrate and the coating was studied by X-ray diffraction (XRD). X-ray crystallographic texture analysis was performed on the transverse cross-section of a six-layer coating on areas on the substrate, close to the substrate-coating interface, at half-thickness, and close to the surface of the coating, using a precision two-axis goniometer. The experiments were performed using an X-ray beam spot size at the surface of the sample of 1 mm 2 . The ψ angle was varied in the range 0-60º in steps of 5º, while the ϕ angle varied independently in the range 0-360º in 5º steps. Rutherford backscattering (RBS) and channelling effect (RBS-C) experiments were performed on longitudinal cross-sections of a 6-layer coating, using a Van de Graaf accelerator with a two-axis goniometer and 4 He + ions at 1.6 MeV.
Results and discussions
The orientation of the substrate and the angle between the clad track direction and the <100> family directions of the substrate was determined using the high-resolution multiaxis diffractometer. The substrate orientation was obtained by finding the Φ and ψ angles for both the (002) and (220) planes reflections [18] . This was achieved by varying the Φ axis and collecting the 2θ Bragg position for a given ω range (ω = θ ± ψ). Stereographic projections of the substrate were constructed using CaRIne Micrographs of the interface between the substrate and the first clad layer are shown in Fig. 1a . Near the substrate, the clad presents a featureless zone formed by planar solid-liquid interface solidification (region 1), followed by a thin transition layer with a cellular structure (region 2), and a dendritic region that occupies most of the clad thickness (region 3). The dendrites do not present well-developed secondary or higher-order arms (cellular dendrites, [19] ). The mean primary arm interdendritic distance is about 5 µm. Families of dendrites with slightly different orientations are observed in the coating near the substrate/coating interface ( fig. 1b ), but after a certain growth distance dendrites with the main stems parallel to a direction about 10° to the normal to the interface clearly predominate and the microstructure consists of an array of long and parallel dendrites. Families of misoriented dendrites may grow from regions of the substrate with different orientations, due to substrate mosaicity, as show in Fig. 1b , where several subgrains are visible in the clad, each consisting of parallel columnar dendrites growing in slightly different directions. An important other source of misoriented dendrites is the Ni/Ni 3 Al eutectic cells existing in the substrate. The eutectic has a lower melting point than the solid solution and no preferred orientation. When eutectic cells are melted by the laser beam, the solid/liquid interface is distorted and dendrites growing from the eutectic are strongly misaligned in relation to the average orientation of neighbouring columnar dendrites grown directly from axially-oriented substrate dendrites. (Fig. 1c ).
(b)
(c) (a) Figure 1 . SEM micrographs of the transverse cross-section of a single layer coating: (a) substratecoating interface (b) families of dendrites with slightly different primary arm orientation caused by substrate mosaicity (c) eutectic cell melted by the laser beam leading to different primary dendritic growth direction.
Precipitates were detected in the interdendritic regions in backscattered-electron images, particularly with higher magnification. X-ray energy-dispersive spectrometry (XEDS) point analysis and mapping lead to the conclusion that these precipitates consist predominantly of yttrium oxide (Y 2 O 3 ). Some particles are formed of two phases, probably Y 2 O 3 and Al 5 Y 3 O 12 . By selecting appropriate deposition parameters, dilution contamination of the coating by the substrate material can be avoided. XEDS measurements of the concentration profile across the substrate/coating interface of a single layer cladding showed that the dilution region is confined to a few tens of micrometers. When new layers of material are added to previously deposited ones, solidification starts by epitaxial growth as in single-layer cladding (Fig. 2) . The plane front solidification region, clearly visible in the first clad layer, is very narrow or entirely absent in the upper layers, due to a progressive decrease of the temperature gradient as new layers of material are deposited. The microstructure is similar in all layers and consists of parallel cellular dendrites with an average orientation similar to the orientation of dendrites in the previous layer. In general the dendrite stems do not show continuity from layer to layer, but dendrites preserve their orientation across consecutive layers, as observed in Fig. 2 . As a result, the microstructure of a multilayer coating consists of parallel columnar dendrites with primary arms aligned perpendicularly to the substrate surface, which grow throughout the thickness of a single layer but preserve their mean orientation across all layers. In agreement with the results of X-ray diffractometry, which showed that the [001] direction is at approximately 10.6° to the normal to the substrate surface, the columnar dendrites observed in Fig. 2 dendrites. As mentioned earlier, columnar dendrites grow far from the limit of stability of the plane front and adopt an orientation which is as close as possible to the heat flux direction, but follow one of the six <100> preferred directions in cubic materials. Fortunately, in columnar constrained growth conditions, misoriented dendrites must grow at a greater solidification rate than dendrites oriented in the temperature gradient direction. As a result, their dendrite tip temperature is lower and according to Tamman and Botshwar´s criterion, they tend to be eliminated in the competition with better aligned adjacent dendrites, which solidify with lower dendrite tip undercooling. The consequence of this competition is that misoriented dendrites growing, for example, from eutectic cells are suppressed after a certain growth time, thus reducing the scatter in the crystallographic orientation of the dendrites. At the surface of the upper layer of the longitudinal cross-section, randomly-oriented equiaxed dendrites appear (Fig. 3) . A close examination of the microstructure of this region suggests that they nucleate at surface impurities, such as floating oxide particles, or on powder particles impinging on the surface of the melt pool and grow by equiaxed growth into the liquid. These misoriented crystals are remelted when new layers are deposited so they do not have a negative impact on the microstructure. The pole figures (Fig. 4) were plotted on the transverse cross-section of a six-layer coating in positions corresponding to the substrate, interface between substrate and coating material, at half height of the coating and near the top of the coating. The (100) pole distributions ( Fig. 4) are very narrow and similarly located in the substrate and throughout the coating thickness, confirming that both the coating and the substrate are strongly textured and present similar crystallographic orientations. The width of the pole distributions is narrow, typical of an imperfect single crystalline material. The pole distributions are slightly narrower in the substrate than in the coating and its width increases with increasing distance from the substrate, suggesting that the dispersion of crystallographic orientation increases as new layers of material are overlapped. In the pole figure plotted near the top of the coating (Fig. 4d ), two new [100] pole families appear close to the normal of the sample surface, which certainly correspond to the stray grains observed in the upper layer of the multilayer coating shown in Fig. 3 . These conclusions were confirmed by examination of the [111] pole figures. 
Conclusions
This work showed that it is possible to produce single crystalline coatings of a NiCrAlY alloy on (100) single crystalline turbine blade material by means of laser cladding. The crystalline quality of the deposited material observed by RBS appears to be better than the crystalline quality of the substrate and perfectly adequate for engineering applications, and the coatings are expected to present good properties. 
